Daniels CR, Foster CR, Yakoob S, Dalal S, Joyner WL, Singh M, Singh K. Exogenous ubiquitin modulates chronic ␤-adrenergic receptor-stimulated myocardial remodeling: role in Akt activity and matrix metalloproteinase expression. Am J Physiol Heart Circ Physiol 303: H1459 -H1468, 2012. First published October 5, 2012; doi:10.1152/ajpheart.00401.2012.-␤-Adrenergic receptor (␤-AR) stimulation increases extracellular ubiquitin (UB) levels, and extracellular UB inhibits ␤-AR-stimulated apoptosis in adult cardiac myocytes. This study investigates the role of exogenous UB in chronic ␤-AR-stimulated myocardial remodeling. L-Isoproterenol (ISO; 400 g·kg Ϫ1 ·h Ϫ1 ) was infused in mice in the presence or absence of UB (1 g·g Ϫ1 ·h Ϫ1 ). Left ventricular (LV) structural and functional remodeling was studied 7 days after infusion. UB infusion enhanced serum UB levels. In most parts, UB alone had no effect on morphometric or functional parameters. Heart weight-to-body weight ratios were increased to a similar extent in the ISO and UB ϩ ISO groups. Echocardiographic analyses showed increased percent fractional shortening, ejection fraction, and LV circumferential stress and fiber-shortening velocity in the ISO group. These parameters were significantly lower in UB ϩ ISO vs. ISO. Isovolumic contraction and relaxation times and ejection time were significantly lower in ISO vs. UB ϩ ISO. The increase in the number of TUNEL-positive myocytes and fibrosis was significantly higher in ISO vs. UB ϩ ISO. Activation of Akt was higher, whereas activation of GSK-3␤ and JNKs was lower in UB ϩ ISO vs ISO. Expression of MMP-2, MMP-9, and TIMP-2 was higher in UB ϩ ISO vs ISO. In isolated cardiac fibroblasts, UB enhanced expression of MMP-2 and TIMP-2 in the presence of ISO. Neutralizing UB antibodies negated the effects of UB on MMP-2 expression, whereas recombinant UB enhanced MMP-2 expression. UB activated Akt, and inhibition of Akt inhibited UB ϩ ISO-mediated increases in MMP-2 expression. Thus, exogenous UB plays an important role in ␤-AR-stimulated myocardial remodeling with effects on LV function, fibrosis, and myocyte apoptosis.
, type 2 diabetes (1), ␤ 2 -microglobulin amyloidosis (34) , and chronic hemodialysis patients (2) . Patients with traumatic brain injury have been shown to have increased UB levels in the cerebrospinal fluid (28) . Extracellular UB has been proposed to have pleiotropic functions, including regulation of immune response and anti-inflammatory and neuroprotective activities (27, 29, 36) , as well as growth regulation and apoptosis control in hematopoetic cells (9) . The biological functions of extracellular UB in the heart remain largely unexplored. Specifically, the role of exogenous UB in myocardial remodeling has not yet been investigated.
Sympathetic nerve activity increases in the heart during cardiac failure. Prolonged stimulation of the ␤-adrenergic neurohormonal axis contributes to the progression of heart failure and mortality in animal models and human patients (13, 43) . Stimulation of ␤-adrenergic receptor (␤-AR) increases expression and activity of matrix metalloproteinase (MMP-2 and MMP-9) in cardiac myocytes in vitro and in vivo (23, 31) . It induces apoptosis in cardiac myocytes in vitro and in vivo (19, 42, 43, 55) . ␤-AR-stimulated apoptosis in adult rat ventricular myocytes (ARVMs) is demonstrated to occur via the GSK-3␤/ JNK-dependent mitochondrial death pathway (30, 39) . Recently, we provided evidence that stimulation of ␤-AR increases extracellular levels of UB in ARVMs, and extracellular UB plays a protective role in ␤-AR-stimulated apoptosis via the inactivation of GSK-3␤ and JNK pathways (44) .
Here, we investigated the in vivo role of exogenous UB in cardiac myocyte apoptosis and myocardial remodeling following chronic ␤-AR stimulation in mice. We report that exogenous UB plays an important role in ␤-AR-stimulated myocardial remodeling with effects on left ventricular function, fibrosis, and myocyte apoptosis. It may inhibit myocyte apoptosis via the activation of Akt and inactivation of GSK-3␤ and JNKs while also inhibiting fibrosis by modulating expression and activity of MMPs and tissue inhibitors of MMPs (TIMPs).
MATERIALS AND METHODS
Experimental animals. The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (Publication No. 85-23, revised 1996) . The animal protocol was approved by the East Tennessee State University Committee on Animal Care. Animals were anesthetized using a mixture of isoflurane (2.5%) and oxygen (0.5 l/min), and the heart was excised following a bilateral cut in the diaphragm. Mice were euthanized by exsanguination. The studies were performed using male Institute of Cancer Research (ICR) mice (25-30 g; purchased from Harlan Laboratories).
Mice treatment. Mice were randomly assigned to four groups (sham, ISO, UB ϩ ISO, and UB). The mice in UB ϩ ISO and UB groups received intraperitoneal injection of UB (1 g/g, U6253;
Sigma) 1 h prior to pump implantation. The mice were infused with isoproterenol [ISO; 400 g·kg Ϫ1 ·h Ϫ1 (ISO group)], UB ϩ ISO (1 g·g Ϫ1 ·h Ϫ1 ϩ 400 g·kg Ϫ1 ·h Ϫ1 ; UB ϩ ISO group) and UB (1 g·g Ϫ1 ·h Ϫ1 ; UB group) at the rate of 1.0 l/h for 7 days using miniosmotic pumps (Alzet). L-Isoproterenol and UB were dissolved in acidified isotonic saline (0.001 N HCl). Sham animals were infused with acidified isotonic saline solution. The dose of ubiquitin and ISO were selected based on previously published reports (14, 23, 42) .
Echocardiography. Transthoracic two-dimensional M-mode echocardiogram and pulsed wave Doppler spectral tracings were obtained using a Toshiba Aplio 80 Imaging System (Tochigi, Japan) equipped with a 12-MHz linear transducer (12, 23) . Echocardiographic procedures were performed prior to and 7 days after implantation of pumps. The animals were anesthetized during the procedure using a mixture of ISO (1.5%) and oxygen (0.5 l/min), and their body temperatures were maintained at ϳ37°C using a heating pad. M-mode tracings were used to measure left ventricular (LV) end-systolic diameter (LVESD) and end-diastolic diameter (LVEDD). Percent fractional shortening (%FS) and ejection fraction percent (EF%) were calculated as described (12, 23) . Doppler tracings of mitral and aortic flow were used to measure isovolumic relaxation time (IVRT), isovolumic contraction time (IVCT), and ejection time (ET). LV circumferential stress and fiber-shortening velocity (Vcf) were calculated as LVEDD Ϫ LVESD/LVEDD ϫ LVET, where LVEDD and LVESD are LV diastolic and systolic diameters, respectively, and LVET is LV ejection time (38) . All echocardiographic assessments were performed by the same investigator blinded to the treatments. A second person also performed measurements on a separate occasion using the same recordings, with no significant differences in interobserver variability.
Morphometric analyses. Animals were euthanized, and the hearts were arrested in diastole using KCl (30 mM), followed by perfusion fixation with 10% buffered formalin. Cross-sections (4 m thick) were stained with Masson's trichrome for the measurement of fibrosis using Bioquant image analysis software (Nashville, TN).
Measurement of serum UB levels. Serum UB levels, 7 days after ISO infusion, were measured using ELISA kit (Novatein Biosciences).
Myocyte cross-sectional area. Heart sections (4 m thick) were deparaffinized and stained with tetramethyl rhodamine isothiocyanate-labeled wheat germ agglutinin. The sections were visualized using fluorescent microscopy (ϫ20; Nikon), and images were recorded using Retiga 1300 color-cooled camera. Suitable area of the sections was defined as the one with nearly circular capillary profiles.
TUNEL staining. To measure apoptosis, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining followed by Hoechst 33258 staining was carried out on 4-m-thick paraffin-embedded sections as per the manufacturer's instructions (cell death detection assay kit; Roche). To identify apoptosis associated with cardiac myocytes, the sections were immunostained using ␣-sarcomeric actin antibodies (1:50, 5C5 clone; Sigma, St. Louis, MO). Hoechst 33258 (10 M; Sigma) staining was used to count the total number of nuclei. TUNEL-positive nuclei that were clearly seen within cardiac myocytes were counted. The number of apoptotic cardiac myocyte nuclei was counted, and index of apoptosis was calculated as the percentage of apoptotic myocyte nuclei/total number of nuclei.
Fibroblast isolation and treatment. Adult rat cardiac fibroblasts were isolated as described (53) . The cells were grown to confluence and serum starved for 48 h before use. First-and second-passage cells were used for all of the experiments. The cells were pretreated with UB (10 g/ml; Sigma) for 30 min, followed by treatment with ISO for the indicated time points. To neutralize effects of UB, cells were pretreated with anti-UB antibodies (5 g/ ml, U-5379; Sigma) for 30 min. To verify effects of UB, cells were pretreated with recombinant UB (rUB; 10 or 100 g/ml; Boston Biochem) for 30 min, followed by treatment with ISO for 48 h. To inhibit Akt, cells were pretreated with MK-2206 (1 M; Chemie Tek) for 30 min and then with UB (10 g/ml) for 30 min, followed by treatment with ISO.
Western analysis. LV tissue lysates were prepared in RIPA buffer [10 mM Tris·HCl (pH 7.2), 158 mM NaCl, 1 mM EGTA, 0.1% SDS, 1% sodium deoxycholate, 1% Triton X-100, 1 mM sodium orthovanadate, and 0.2 mM phenylmethylsulfonyl fluoride] using a tissue homogenizer. Cell lysates were prepared using lysis buffer [10 mM Tris·HCl (pH 7.4), 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 0.2 mM sodium orthovanadate, 0.5% Nonidet P-40, 1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride]. Equal amounts of total proteins (70 g from tissue lysates or 20 g from cell lysates) were resolved on 10% SDS-polyacrylamide gels. The proteins were transferred onto polyvinylidene difluoride membrane. The blots were then probed with primary antibodies directed against p-Akt (1:1,000; Cell Signaling Technology), p-GSK-3␤ (1:1,000; Cell Signaling Technology), p-JNK (1:1,000; Millipore), p-ERK1/2 (1:2,000; Cell Signaling Technology), MMP-2 (1:5,000; Millipore), MMP-9 (1:5,000; Millipore), or TIMP-2 (1:1,000; Santa Cruz Biotechnology) and appropriate secondary antibodies. Membranes were then stripped and probed with Akt, GSK-3␤, JNKs, ERK1/2, actin (Chemicon), or GAPDH (Santa Cruz Biotechnology) antibodies to normalize protein loading. Band intensities were quantified using the Kodak photo documentation system (Eastman Kodak).
In-gel zymography. Gelatin in-gel zymography in the concentrated conditioned media of fibroblasts (2 g) or LV (50 g) lysates was performed as described (53) . Clear and digested regions representing MMP-2 activity were quantified using a Kodak documentation system. Statistical analysis. Data are expressed as means Ϯ SE. Data were analyzed using Student's t-test or a one-way analysis of variance followed by the Student-Newman-Keuls test. P values of Ͻ0.05 were considered to be significant.
RESULTS
Morphometric studies. None of the animals died during the course of the experiment. No significant change in body weight (BW) in any group was observed during the experiment. ISO infusion increased heart weight (HW) as well as the HW/BW ratios in the ISO and UB ϩ ISO groups compared with sham (P Ͻ 0.05; Table 1), with no significant difference between the two ISO groups. UB alone had no effect on HW or HW/BW ratio.
Serum UB levels. Measurement of serum UB levels using ELISA demonstrated the presence of 16.2 Ϯ 1.3 ng/ml UB in sham animals. ISO had no effect on serum UB levels. Serum UB levels were increased in UB-infused groups compared with sham or ISO groups (P Ͻ 0.05; Fig. 1 ). However, the increase in serum UB levels was higher in UB alone compared with the UB ϩ ISO group. Echocardiographic measurements. M-mode echocardiography showed no significant difference in LVESD, LVEDD, %FS, or EF% between the sham and UB groups. ISO infusion decreased LVESD in ISO but not in the UB ϩ ISO group. LVEDD remained unchanged between the two groups. %FS, EF%, and Vcf were increased in the ISO not in the UB ϩ ISO group compared with sham. In fact, %FS, %EF, and mean Vcf were significantly lower in the UB ϩ ISO compared with the ISO group (Table 2) .
Doppler tracings revealed no difference in any parameters between sham and UB groups (Table 3 ). ISO infusion decreased IVRT, IVCT, and ET in both groups compared with sham. However, the decrease in these parameters was significantly lower in ISO compared with the UB ϩ ISO group (P Ͻ 0.05; Table 3 ). ISO infusion increased heart rates in both groups, with no significant difference between the ISO and UB ϩ ISO groups.
Fibrosis, apoptosis, and hypertrophy. ISO infusion increased fibrosis in both groups ( Fig. 2A) . Quantitative analysis of trichrome-stained sections showed that the increase in fibrosis was significantly lower in the UB ϩ ISO group compared with ISO (%fibrosis, Activation of Akt and GSK-3␤. Previously, we provided evidence that inhibition of phosphatidylinositol(PI) 3-kinase inhibits the protective effects of UB in ␤-AR-stimulated apoptosis in ARVMs (44) . PI 3-kinase activates Akt, and activation of Akt plays an antiapoptotic role (22) . Western blot analysis of LV lysates using phosphospecific anti-Akt antibodies showed a significant increase in Akt phosphorylation (activity) in both ISO and UB ϩ ISO groups compared with sham. However, the increase in Akt activity was significantly higher in UB ϩ ISO group compared with ISO (P Ͻ 0.05; Fig. 3A) . UB alone had no effect on Akt activity.
Activation of GSK-3␤ plays a proapoptotic role in ␤-ARstimulated apoptosis (30) . Phosphorylation of an NH 2 -terminal serine residue (Ser 9 ) inactivates GSK-3␤. Akt is one of the upstream kinases involved in phosphorylation (Ser 9 ) and inactivation of GSK-3␤ (16) . Western blot analysis of LV lysates using phosphospecific anti-GSK-3␤ antibodies showed decreased phosphorylation (activation) of GSK-3␤ in the ISO but not in the UB ϩ ISO group. GSK-3␤ phosphorylation was significantly higher in the UB ϩ ISO compared with the ISO group (WT sham: 0.76 Ϯ 0.1; ISO: 0.46 Ϯ 0.04; UB ϩ ISO: 0.64 Ϯ 0.04; UB: 0.57 Ϯ 0.1; P Ͻ 0.05 vs. sham, P Ͻ 0.05 vs. ISO, n ϭ 4 -7; Fig. 3B ). UB alone had no effect on GSK-3␤ phosphorylation.
Activation of JNKs and ERK1/2. ␤-AR-stimulated activation of the JNK pathway is demonstrated to play a proapoptotic role in ␤-AR-stimulated apoptosis (39). Previously, we provided evidence that active GSK-3␤ may act upstream in the activation of JNKs (44) . Western blot analysis of LV lysates using phosphospecific anti-JNK antibodies showed increased phosphorylation (activation) of JNKs in the ISO but not in the UB ϩ ISO group. Activation of JNKs was significantly lower in UB ϩ ISO group compared with ISO (WT sham: 0.68 Ϯ 0.16; ISO: 4.32 Ϯ 0.35; UB ϩ ISO: 1.88 Ϯ 0.59; UB: 0.99 Ϯ 0.43; P Ͻ 0.05 vs. sham, P Ͻ 0.05 vs. ISO, n ϭ 4 -7; Fig. 4A ). UB alone had no effect on JNK phosphorylation. ISO in the presence or absence of UB had no effect on the activation of ERK1/2 (Fig. 4B) .
Expression and activation of MMP-2 and MMP-9. MMP-2 and MMP-9 play a significant role in myocardial fibrosis and remodeling (46) . Western blot analysis of LV lysates demonstrated increased expression (protein levels) of MMP-2 in both ISO groups (Fig. 5A) . However, the increase in MMP-2 expression was significantly higher in the UB ϩ ISO group compared with ISO. In-gel zymography showed increased MMP-2 activity in both ISO groups. However, the increase in MMP-2 activity was significantly higher in the UB ϩ ISO group compared with ISO (Fig. 5B) . Increased MMP-9 expression was observed only in the UB ϩ ISO group (WT sham: 0.79 Ϯ 0.1; ISO: 0.73 Ϯ 0.1; UB ϩ ISO: 1.16 Ϯ 0.1; UB: 0.66 Ϯ 0.2; P Ͻ 0.05 vs. sham, P Ͻ 0.05 vs. ISO, n ϭ 6; Fig. 6A ). In-gel zymography failed to show active MMP-9 bands in the LV lysates from these groups (data not shown).
Expression of TIMP-2 and TIMP-4. TIMPs play an important role in regulation of MMP activity (32, 51) . Western blot analysis of LV lysates demonstrated that ISO alone has no effect on TIMP-2 protein levels. However, UB alone or in the presence of ISO increased TIMP-2 protein levels significantly (Fig. 6B) . ISO in the presence or absence of UB had no effect on protein levels of TIMP-4. UB alone increased TIMP-4 protein levels compared with ISO or UB ϩ ISO groups (data not shown).
UB modulates expression of MMPs and TIMP-2 in cardiac fibroblasts. ISO treatment increased MMP-2 expression in adult cardiac fibroblasts, as analyzed by Western blots. However, the increase in MMP-2 expression was significantly higher in UB ϩ ISO group compared with ISO (Fig. 7A) . In-gel zymography showed a trend toward increased MMP-2 activity in response to ISO. However, MMP-2 activity was significantly higher in the UB ϩ ISO group compared with control and ISO-treated samples (Fig. 7B) . These effects of UB on MMP-2 expression were negated by pretreatment with neutralizing anti-UB antibodies (Fig. 7C) . Treatment with rUB also enhanced ISO-mediated increases in MMP-2 expression ( Fig. 7D) . However, the effects were observed at a higher concentration (100 g/ml). MMP-9 expression tended to be higher in the UB ϩ ISO group compared with sham (P ϭ 0.06, n ϭ 6; Fig. 8A ). ISO treatment had no effect on TIMP-2 protein levels. However, TIMP-2 protein levels were significantly higher in UB ϩ ISO samples compared with control or ISOtreated samples (Fig. 8B) .
UB activates Akt, and inhibition of Akt inhibits MMP-2 expression in cardiac fibroblast.
To investigate whether UB alone or in combination with ISO activates Akt, cardiac fibroblasts were pretreated with UB followed by treatment with ISO for 15 min. Analysis of cell lysates using phosphospecific antibodies showed that UB or ISO alone had no effect on Akt activation. However, UB in the presence of ISO increased Akt activity significantly compared with control or ISO-treated samples (Fig. 9A) . MMP-2 activation is shown to be dependent on activation of Akt in the heart (45) . Inhibition of Akt using MK-2206 (18, 37) inhibited UB ϩ ISO-mediated increases significantly in MMP-2 expression (fold change vs. CTL; UB ϩ ISO: 1.71 Ϯ 0.1; MK ϩ UB ϩ ISO: 1.23 Ϯ 0.2; MK: 0.59 Ϯ 0.3; P Ͻ 0.05 vs. sham, P Ͻ 0.05 vs. UB ϩ ISO, n ϭ 5; Fig. 9B ).
DISCUSSION
Previously, we provided evidence that ␤-AR stimulation increases levels of extracellular UB and that treatment with UB plays a protective role in ␤-AR-stimulated apoptosis in ARVMs (44). This is the first study investigating the role of exogenous UB in the heart specifically in response to chronic ␤-AR stimulation. Here, we confirm our previous finding of an antiapoptotic function for UB in vivo and show that UB plays an important role in ␤-AR-stimulated myocardial remodeling with effects on left ventricular function, fibrosis, and myocyte apoptosis. UB infusion enhanced serum UB levels. Exogenous UB depressed ␤-AR-stimulated increases in systolic and diastolic functional parameters of the heart. Increase in cardiac myocyte apoptosis and myocardial fibrosis was significantly lower in the presence of exogenous UB. Exogenous UB enhanced activation of the antiapoptotic kinase Akt, whereas it decreased the activation of the proapoptotic kinases GSK-3␤ and JNK. It increased protein levels of MMP-2, MMP-9, and TIMP-2 in the presence of ISO. In isolated cardiac fibroblasts, UB enhanced expression of MMP-2 and TIMP-2. It activated Akt, and inhibition of Akt decreased MMP-2 expression.
Sympathetic nerve activity increases in the heart during cardiac failure. Prolonged stimulation of the ␤-adrenergic neurohormonal axis contributes to the progression of heart failure and mortality in animal models and human patients (3, 13) . Catecholamines, released during heightened adrenergic drive, accumulate in the interstitial space of the heart (6, 8) . This accumulation of catecholamines may contribute to left ventricular dysfunction (10) . UB is a normal constituent of plasma or serum (11, 29, 47) . Levels of UB increase in plasma or serum of patients under a variety of pathological conditions (26) . However, the role of plasma UB in the heart has not yet been investigated. Previously, we have shown that ␤-AR stimulation increases extracellular levels of UB in ARVMs (44) . Here, we observed basal presence of UB in the serum of ICR mice. Infusion of UB enhanced serum UB levels in the presence or absence of ␤-AR stimulation. It was interesting to note that serum UB levels were lower in the presence of ␤-AR stimulation, and ␤-AR stimulation alone had no effect on serum UB levels. These observations suggest the possibility that ␤-AR stimulation may enhance UB absorption in vivo. Isoproterenol is shown to increase cardiac output without affecting renal blood flow in dog, human, or lamb (5, 40) . However, the possibility of increased renal blood flow and renal clearance of UB in the presence of isoproterenol cannot be ruled out. A significant finding of this study is that exogenous UB has the potential to play an important role in the remodeling process of the heart by affecting ␤-AR-stimulated increases in myocyte apoptosis and myocardial fibrosis.
Ventricular hypertrophy is considered to be an important compensatory mechanism that allows the heart to maintain its output. Chronic ␤-AR stimulation is shown to induce hypertrophy and increase heart rate and LV systolic function (20, 49, 50) . Indicators of hypertrophy such as HW/BW ratio and myocyte cross-sectional area were increased to a similar extent in both ISO groups. An interesting finding of this study is that exogenous UB in the presence of ISO restored systolic function to normal levels, as indicated by decreased %FS, %EF, and Vcf. It partially restored ISO-mediated decrease in IVRT, IVCT, and ET. Changes in heart rate are suggested to affect echocardiographic parameters in mice (52) . As observed previously (23), ISO infusion increased heart rate in ICR mice. UB alone or in the presence of ISO had no effect on basal or ISO-mediated increases in heart rates. Therefore, the observed changes in echocardiographic parameters between ISO and UB ϩ ISO groups may not be due to the changes in heart rate. Extracellular UB is shown to promote intracellular Ca ϩϩ flux and reduce cAMP levels through a G protein-coupled receptor in THP1 cells (41) . Therefore, UB may affect systolic and Fig. 7 . Expression and activity of MMP-2 in cardiac fibroblasts. A and B: cardiac fibroblasts were pretreated with UB (10 g/ml) for 30 min, followed by treatment with ISO (10 M) for 48 h. A: cell lysates (20 g) were analyzed by Western blot using anti-MMP-2 antibodies. *P Ͻ 0.05 vs. CTL; #P Ͻ 0.05 vs. ISO; n ϭ 11. B: concentrated conditioned media (2 g) were analyzed by gelatin in-gel zymography. *P Ͻ 0.01 vs. CTL; #P Ͻ 0.05 vs. ISO; n ϭ 3. C: cells were pretreated with neutralizing anti-UB antibody (Ab) for 30 min, followed by treatment with UB for 30 min. The cells were then treated with ISO for 48 h. Cell lysates (20 g) were analyzed by Western blot using anti-MMP-2 antibodies. *P Ͻ 0.05 vs. CTL; $P Ͻ 0.05 vs. UB ϩ ISO; n ϭ 3. D: cells were pretreated with recombinant UB (rUB; 10 or 100 g/ml) for 30 min, followed by treatment with ISO for 48 h. Cell lysates (20 g) were analyzed by Western blot using anti-MMP-2 antibodies. *P Ͻ 0.05 vs. CTL; #P Ͻ 0.05 vs. ISO; n ϭ 3. Actin immunostaining indicates protein loading. diastolic parameters of the heart by modulating levels of intracellular Ca ϩϩ and/or cAMP. However, further investigations are needed to understand the mechanism by which exogenous UB modulates heart function in the presence of an ␤-AR agonist.
Cardiac myocyte apoptosis plays a crucial role in the pathogenesis of heart failure (17, 21, 33) . ␤-AR-stimulated activation of JNKs and GSK-3␤ plays a proapoptotic role via the involvement of mitochondrial death pathway (30, 39) . Previously, UB has been shown to activate PI 3-kinase and inhibit ␤-AR-stimulated activation of JNKs and GSK-3␤ and mitochondrial death pathway of apoptosis (44) . PI 3-kinase is an upstream activator of Akt (35) , whereas Akt acts upstream in the inactivation of GSK-3␤ (16) . Active GSK-3␤ may act upstream in the activation of JNKs (44) . Here, we show that exogenous UB enhances ␤-AR-stimulated activation of Akt, whereas it inhibits activation of GSK-3␤ and JNKs. These in vivo data confirm our previous in vitro findings and suggest that activation of the PI 3-kinase/Akt pathway may be a mechanism involved in antiapoptotic effects of exogenous UB.
Chronic sympathetic stimulation is shown to induce growth of interstitial tissue in the heart, leading to fibrosis (7). MMPs and TIMPs play an important role in the remodeling of extracellular matrix (46) . Previously, we have shown that chronic ␤-AR stimulation increases myocardial fibrosis (23) . Consistent with these observations, we observed increased fibrosis following chronic ␤-AR stimulation in ICR mice. The new finding of this study is that exogenous UB inhibits chronic ␤-AR-stimulated increases in myocardial fibrosis. It enhanced chronic ␤-AR-stimulated increases in the expression and activity of MMP-2. It also increased expression of MMP-9 and TIMP-2 in the heart. Use of isolated adult cardiac fibroblasts confirmed our in vivo findings with respect to the expression of MMPs and TIMP-2 in response to UB. Of note, a higher concentration of rUB (compared with bovine UB) was required to observe increased expression of MMP-2 in the presence of isoproterenol in fibroblasts (Fig. 7D) . The reasons may include differential modification of UB from different sources. UB is shown to be modified by acetylation of lysines, oxidation of methionine, and nitration of tyrosine (25, 54) . These modifications may influence interaction of extracellular UB with its receptor and/or other proteins. The concentration of TIMP-2 is suggested to determine the role of TIMP-2 in activation of MMP-2. At low concentrations, TIMP-2 may activate MMP-2 on the cell surface with the MT1/MMP/TIMP-2 complex serving as a receptor for proMMP-2, whereas at higher concentrations TIMP-2 may neutralize MT1/MMP and prevent activation of MMP-2 (24) . The data presented here suggest that exogenous UB decreases chronic ␤-AR-stimulated myocardial fibrosis by modulating expression of MMPs and TIMP-2. Previously, we have reported that chronic ␤-AR stimulation increases MMP-9 expression in the heart (23) . Here, we did not observe increased expression of MMP-9 in response to chronic ␤-AR stimulation. The observed discrepant findings may relate to the use of different mouse strains. A previous study used 129xblack Swiss mice, whereas the current study uses ICR mice (23) .
Increased MMP-2 expression is suggested to be dependent on Akt activation in the rat heart during ischemia-reperfusion (45) . In the current study, UB enhanced Akt activation in the heart and in isolated cardiac fibroblasts in the presence of ␤-AR stimulation. Inhibition of Akt decreased UB ϩ ISOmediated increases in MMP-2 expression. These data suggest a potential relationship between Akt activation in response to UB treatment and MMP-2 expression in the heart.
Perspective. The data presented here are novel and of significant interest since exogenous UB modulates ␤-AR-stimulated myocardial function and inhibits myocardial fibrosis and cardiac myocyte apoptosis. The structural changes related to cardiac myocyte apoptosis and extracellular matrix play a significant role in modulation of myocardial function and in the progression to heart failure. Therefore, elucidation of processes that can shift the balance from myocyte apoptosis to survival may have clinical implications. In addition, analysis of components of extracellular matrix, including collagen type I and IV, laminin, fibronectin, etc., may provide insight into the modulation of heart function in the presence of exogenous UB. It should be emphasized that our data on heart function and signaling are obtained 7 days after ISO infusion. The experimental time point should be extended beyond 7 days to investigate long-term effects of exogenous UB. 
